In this communication, a comparative energy and exergy analysis of various conventional solar distillation systems has been presented. The study includes passive solar distillation systems such as single and double slope solar stills. In a single slope solar still category, three solar stills with inclination angles 15º, 30º and 45º and a 15º inclined single slope multi wick solar still have been considered. Whereas one double slope solar stills and one double slope multi wick solar still, both inclined at 15º with east-west orientation, have been considered in double slope solar still category. The embodied energy is an important factor which depends on locally available materials and their manufacturing technologies. Materials like concrete, wood, steel etc are considered to calculate the embodied energy for the solar still equivalent to the fibre reinforced plastic after deriving the formulae. It has been found that the energy, exergy and embodied energy of single slope solar still are found higher than that of double slope solar still. Those materials which have lower thermal conductivity and low embodied energy than that of FRP such as concrete, PVC, wood can replace the FRP to save the embodied energy for similar performance. The metals have high embodied energy hence these can not be considered in terms of embodied energy despite the use of insulation.
Introduction
A solar distillation is a water purification technology. Saline/brackish water can be purified using solar energy. This technology works on the principles of greenhouse effect and hydrological cycle. The use of solar energy to produce potable water is a key factor in context of water & air pollution, global warming, energy security and climate change because most of other water purification technologies use conventional sources of energy such as coal, oil, gas etc [1] . A solar still is a device used for solar distillation in which impure or saline water is fed to obtain distilled water. It is a box type structure made of some materials such as fibre reinforced plastic (FRP), wood, concrete, or steel with insulation. It is covered with a simple window glass through which the solar radiation passes to incident on the water surface. A small amount of reflection heat losses and absorption take place at the glass cover and the water. A major part of incident solar radiation is absorbed by the basin liner. This heat is transferred to the saline water by convection as top heat loss and to the ambient as bottom heat loss. Heat transfer from the water to the glass cover take place by three mechanisms: evaporation, convection and radiation. Vapour leaves most of contaminants and microbes through thermal diffusion on the basin liner. Further the vapour undergoes film type condensation at the inner surface of the glass cover because of inclination of glass cover, adhesion, cohesion between condensed water molecules, and gravity. The condensed water trickles down to a trough which guides it into a container placed otuside [2] . Researchers have worked to improve the performances of solar stills by suggesting its various designs, materials and operating conditions for different weather conditions. Tiwari and Tiwari [3] have reported that the yield from a single slope passive solar still may vary from 0.5 to 1.2 kg/m 2 /day (in winter) and 1.0 to 2.5 kg/m 2 /day (in summer) for Delhi, India. Tiwari [4] has found the efficiency of the single slope solar still 25. 8, 19.7, 22 .8 % at glass cover inclinations 15°, 30° and 45° respectively for the summer climatic condition of Delhi, India. Malik et al. [2] have shown that overall efficiency of a passive solar still is achieved with least water mass in the basin.
Energy and exergy analysis of solar stills have been presented by various researcher such as Dunkle [5] , Cooper [6] , Tsilingiris [7] , and Dwivedi [8, 9] etc. A group of improved heat and mass transfer correlations in basin type solar stills has been developed by Hongfei et. al. [10] . Torchia-Núñez et al. [11] have found that for same exergy input a basin, brine and passive solar still have exergy efficiencies of 12.9%, 6%, and 5% respectively. Dev and Tiwari [12, 13] developed the characteristic equation for single and double slope passive solar stills. In ideal solar still, the instantaneous loss efficiency is minimum (for zero depth of water mass) as analyzed by Cooper [6] . Rubio et al. [14, 15] have studied asymmetries in various temperatures and amount of distillate for a double slope passive solar still (DSPSS) and proposed mathematical models, one in terms of lumped parameters and another for controlled temperatures of glass cover and basin. Dwivedi and Tiwari [8, 9] have reported that the thermal efficiency for single and double slope solar still varies from 22.6% to 31.3% and 25.4% to 34.3% respectively at 0.01 m water depth. Similarly, the average exergy efficiency for single and double slope solar still is 0.65% and 0.82% respectively. The exergy efficiency of single and double slope solar still varies from 0.18 to 1.25% and 0.13 to 1.16% respectively. Tiwari and Yadav [16] have shown that a single slope distiller gives better performance than a double slope for cold climatic conditions whereas a double slope distiller gives better performance than a single slope for summer climatic conditions irrespective of either basin type or multi-wick type. It has also been reported that the concrete basin solar still gives better performance than the FRP single and double slope stills because of the probability of leakage of vapour in the FRP stills was more than for the concrete still. Sakthivel and Shanmugasundaram [17] have shown that the efficiency of single slope solar still using the black granite gravel reaches up to 52% maximum which is 8% higher than the conventional single slope solar still. Singh and Tiwari [18] have studied double effect multiwick solar stills to increase the still efficiency by utilizing the latent heat released by the vapor at first effect. Kumar and Anand [19] have studied shown that a tubular multiwick solar still gives distillate output of about 8%, 13%, and 18% more than tubular, simple multi-wick and conventional basin type solar stills respectively. The embodied energy is an important factor which depends on locally available materials and their manufacturing technologies. Hence, on the basis of literature survey the performance of the solar stills on the basis of energy, exergy and materials have been analyzed in this paper.
Solar distillation systems
Passive solar distillation systems such as single and double slope solar stills have been taken. In a single slope solar still category, three solar stills with inclination angles 15º, 30º and 45º (Fig. 1a, 1b ) and a 15º inclined single slope multi wick solar still have been considered. Whereas one double slope solar stills and one double slope multi wick solar still both inclined at 15º with east-west orientation, have been considered in double slope solar still category (Fig. 1c, 1d ). All these experimental setup have been installed at Solar Energy Park, I.I.T. Delhi, New Delhi, India (28°35´ N, 77°12´ E, altitude 216 m from mean sea level). The single slope solar still works on same principle as given above. A schematic diagram of double slope passive solar still has been shown in Fig. 1c . Two simple window glasses have been placed over the walls of the solar still at inclination angle 15° facing east and west directions. To absorb higher amount of solar radiation, an inside surface of the solar still has been painted black in color. An inlet through the rear wall has been provided to feed the brackish/underground water in to the basin of the solar still. And two troughs are provided at inside of each short wall of the solar still to collect the distilled water. The orientation of the solar still has been kept east-west to receive solar radiation for maximum hours of sunshine. When the sun lies in the east direction then higher temperature difference occur at west side due to low glass temperature which yield higher amount of distillate at this side and vice versa except at the time of noon when both the glass covers have almost the same temperature.
In the single and double slope multi-wick solar still, water is fed from water reservoir through the multiple porous absorbers (black jute cloth) at a slow rate for fast evaporation. The saline water goes upwards due to capillary action in the jute cloths and forms a thin water layer. The solar radiation, after transmission through the glass covers, strikes this water film and heats the water. The water evaporates and condenses at the inner surface of the glass cover by releasing latent heat of vaporization. The condensed water is collected through the drainages for distilled water. A double slope multi-wick solar still, as shown in Fig. 1d , is a development over the single slope multi-wick solar still similar to double slope solar still, Malik et al. [2] . The specifications of these solar stills are given in Table 1 . 
Mathematical expressions
Following are the mathematical expression used for the analysis of energy and exergy of considered solar still systems. The thermal efficiency of a passive solar still can be calculated by the following formula 
Thickness of Styrofoam for insulation (when solar still is made of any metal and overall thermal conductivity is equivalent to FRP):
Results and discussion
On the basis of literature survey and Eqs. (1, 2) it has been observed that energy, exergy efficiencies and embodied energy of single slope solar still remain higher in comparison to that of the double slope solar still. Dev and Tiwari [12, 13] have found better performances at water depth 0.01 m and an inclination angle 30º for single slope passive solar still. They have also developed the characteristic equation of single and double slope passive solar still and suggested the sum of instantaneous gain and loss efficiencies (η=η i + η iL ) remain lower than maximum efficiency under ideal i.e. 60%. Although, it can be seen that the energy efficiency can reach up to 60% maximum but because of several factor such as heat loss through vapor leakage and improper insulation, time lag in production, inclination angle, water depth etc, it does not attain such value. Similarly, the exergy efficiency which is measured for the source temperature i.e. sun temperature 6000 K , remain always very much lower than the energy efficiency because of the energy input by the sun is not fully utilized in evaporation process of the water in the solar still.
The design specifications (Table 1) , properties of various materials (Table 2 which 
FRP (i.e. to keep the productivity of the solar still same as of FRP). The metals have been found large thickness due to their conductivities but these metals (thickness 1 mm) can be considered with insulation of Styrofoam as shown in Table 2 . One can see that steel which is very high energy intensive material can not be recommended as a material to make the solar still despite the use of insulation. The thicknesses of materials such as concrete, wood, and PVC have been found very near to the thickness of the FRP. Materials such as glass window and country fired bricks have more thickness which can not be considered. 
Embodied energy values based on several international-local sources may vary.
The embodied energies of conventional single slope solar stills made of FRP, concrete, PVC, and wood are found and given in Table ( 
Conclusions
1. On the basis of above analysis and literature survey, the energy, exergy and embodied energy of single slope solar still are found higher than that of double slope solar still.
2. Those materials which have lower thermal conductivity and low embodied energy than that of FRP such as concrete, PVC, wood can replace the FRP to save the embodied energy for similar performance.
3. The metals have high embodied energy hence these can not be considered in terms of embodied energy despite the use of insulation.
